Background: Trimethylamine-N-oxide (TMAO) is formed in the liver from trimethylamine (TMA), a product exclusively generated by the gut microbiota from dietary phosphatidylcholine and carnitine. An alternative pathway of TMAO formation from carnitine is via the microbiota-dependent intermediate g-butyrobetaine (gBB). Elevated TMAO levels are associated with cardiovascular disease (CVD), but little is known about TMAO in obesity. Given the proposed contribution of microbiota alterations in obesity and type 2 diabetes (T2D), we investigated the potential impact of obesity, lifestyle-induced weight loss, and bariatric surgery on plasma levels of TMAO, its microbiota-dependent intermediate gBB, and its diet-dependent precursors carnitine and choline. Methods: TMAO, gBB, carnitine, and choline were measured by high-performance liquid chromatography in 34 obese individuals (17 with and 17 without T2D) undergoing bariatric surgery and 17 controls. Results: TMAO was not elevated in obese patients or reduced by lifestyle interventions but increased approximately twofold after bariatric surgery. Similar to TMAO, plasma levels of gBB were not influenced by lifestyle interventions but increased moderately after bariatric surgery. In contrast, carnitine and choline, which are abundant in nutrients, such as in red meat and eggs, and not microbiota dependent, were reduced after lifestyle interventions and rebounded after bariatric surgery. Conclusions: The major increase in TMAO after bariatric surgery was unexpected because high TMAO levels have been linked to CVD, whereas bariatric surgery is known to reduce CVD risk. Prospective studies of gut microbiota composition and related metabolites in relation to long-term cardiovascular risk after bariatric surgery are warranted.
Introduction
O besity is a rapidly emerging pandemic, frequently associated with the metabolic syndrome, type 2 diabetes (T2D), and cardiovascular disease (CVD), disease states that are potentially linked to chronic low-grade inflammation. 1 However, common triggering factors of obesity, T2D, and cardiovascular complications remain to be determined.
The gut microbiota, that is, the microbial inhabitants of the gastrointestinal tract, is a metabolically highly active human organ. 2 Notably, alterations in the gut microbiota have been associated not only with intestinal inflammation but also with conditions characterized by systemic inflammation and metabolic disturbances. Thus, several studies have suggested that the gut microbiota plays an important role in obesity, insulin resistance, and T2D, in part by harvesting energy from otherwise indigestible food items 3 or through metabolites or toxins from the microbiota, such as lipopolysaccharide. 4 Trimethylamine-N-oxide (TMAO) is a substance formed in the liver from trimethylamine (TMA), a product exclusively generated by the gut microbiota from dietary phosphatidylcholine and carnitine, which in turn are abundant in various food sources, including eggs, dairy products, and red meat. [5] [6] [7] [8] TMAO promotes atherosclerosis, in part by enhancing the accumulation of cholesterol in foam cells, and elevated TMAO levels predict myocardial infarction, stroke, and all-cause mortality. [5] [6] [7] [8] We and others have recently reported that elevated TMAO levels predict clinical outcome in heart failure patients. 9, 10 An alternative pathway of TMAO formation from carnitine via the microbiota-dependent intermediate metabolite g-butyrobetaine (gBB) was recently reported. 11 Interestingly, there was an increase of atherosclerotic lesions in animals fed with gBB compared to those fed the same diet supplemented with an antibiotic mixture, suggesting that gBB may have a microbiota-dependent proatherogenic effect, possibly through increased TMAO formation.
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So far, few studies have investigated the potential role of TMAO in obesity or the effect of bariatric surgery. Given the proposed contribution of microbiota alterations in obesity and T2D, 12, 13 we investigated the potential impact of obesity, lifestyle intervention, and bariatric surgery on the proatherogenic metabolite TMAO, its microbiota-dependent intermediate gBB, and its diet-dependent precursors choline and carnitine in morbidly obese patients.
Materials and Methods

Patients and controls
The study has previously been described in detail. 4 In this substudy, 34 obese individuals were included, 17 with and 17 without T2D. All patients underwent conservative and subsequent surgical treatment at the regional center for treatment of morbid obesity at the Nordland Hospital, Norway. The patients were evaluated at three time points: at baseline, preoperatively (after 3 months of lifestyle intervention), and 1 year after bariatric surgery. In addition, 17 individuals with body mass index (BMI) £28 kg/m 2 undergoing elective laparoscopic procedures (cholecystectomy or fundoplication) were included as controls at baseline. The study was performed in accordance with the Helsinki Declaration, approved by the regional ethics committee, and written informed consent was obtained from all participants.
Lifestyle interventions and dietary changes
All patients had to undergo lifestyle changes resulting in a minimum of 10% weight loss preoperatively. The patients received repeated personal guiding by phone consultations concerning eating habits and were encouraged to perform physical activity according to the Norwegian guidelines for treatment of morbidly obese patients. 4 No formal registration of diet was performed, but the patients were informed to have a total of three main meals daily and three to four small meals in between and were advised to an energy-restricted diet of 2000 kcal for men and 1500 kcal for women. This included a fat energy content of less than 30%, complex carbohydrate energy content of less than 40%-50%, and protein energy content up to 20%. The average time from baseline to operation was 12 weeks. 4 
Surgical methods
Two surgical methods were used for the patients undergoing bariatric surgery: laparoscopic Roux-en-Y gastric bypass was performed by a standardized procedure and used for patients with a BMI <50 kg/m 2 . This procedure included a small ventricular pouch of 30 mL and a biliopancreatic limb of 50 cm, with an alimentary limb of 100 cm. For patients with a BMI >50 kg/m 2 , duodenal switch was performed by a standardized procedure, which included a gastric sleeve using a 32-French probe to measure the diameter, an alimentary limb of 150 cm, and a common channel of 100 cm. 4 In the present study, 27 patients underwent Roux-en-Y gastric bypass, and seven underwent duodenal switch.
Laboratory methods
Fasting blood samples were collected with a standard venipuncture and stored at -70°C. Serum levels of HbA1c, creatinine, triglycerides, total cholesterol, and HDL cholesterol were analyzed in the hospital routine laboratory. Quantification of TMAO, gBB, choline, and carnitine was performed by highperformance liquid chromatography as previously described. 10 Computerized tomography-based quantification of adipose tissue volumes was performed as previously described. 4 
Statistical Analyses
Correlations at baseline were evaluated by Pearson correlation. Differences at baseline were evaluated by independent samples t-test, whereas changes within subjects after lifestyle intervention and bariatric surgery were evaluated by a paired t-test. Skewed data were log transformed, as appropriate. A two-tailed significance level of 0.05 was used. The statistical analyses were performed with SPSS software, version 19.0 (SPSS, Inc., Chicago, IL).
Results
No elevation of TMAO or its precursors in obese subjects
The baseline characteristics of the patients and controls are given in Table 1 . There were no significant differences in plasma levels of TMAO (P = 0.16), gBB (P = 0.93), choline (P = 0.82), or carnitine (P = 0.27) between obese subjects and controls (Fig. 1) or between diabetic and nondiabetic obese subjects (P = 0.75, P = 0.33, P = 0.25, and P = 0.13, respectively).
Choline, carnitine, and gBB, but not TMAO, are associated with visceral adipose tissue Choline, carnitine, and gBB, but not TMAO, correlated significantly with visceral adipose tissue (r = 0.65, P = 0.006; r = 0.51, P = 0.044; and r = 0.75, P = 0.001, respectively) but not with other cardiometabolic risk factors listed in Table 1 adipose tissue (r = -0.52, P = 0.040; and r = -0.63, P = 0.009, respectively).
Diet-dependent metabolites choline and carnitine are reduced after lifestyle interventions
Choline levels were significantly reduced after lifestyle interventions from 8.5 [95% CI 7.2-9.7] to 6.6 [5.7-7.5] mM (P < 0.001) but rebounded partly after bariatric surgery to 7.1 [6.1-8.1] mM (P = 0.035) (Fig. 1A) . Plasma levels of carnitine followed approximately the same pattern, with a significant reduction after lifestyle interventions from 37.8 [34.4-41.2] to 34.4 [31.1-37.6] mM (P = 0.009) but returned to baseline levels after bariatric surgery (Fig. 1B) .
Microbiota-dependent metabolites TMAO and gBB increase after bariatric surgery
Regarding TMAO and gBB, there was no effect of lifestyle intervention. However, 1 year after bariatric surgery, TMAO plasma levels more than doubled (10.5 [7.5-13 .5] mM) compared to preoperative (4.4 [2.8-6 .0] mM, P < 0.001) and baseline (4.7 [3.7-5.8] mM, P < 0.001) levels (Fig. 1C) . The same pattern was seen regardless of surgical method, with six of seven patients undergoing duodenal switch and 23 of 27 undergoing Roux-en-Y gastric bypass increasing in TMAO levels 1 year after bariatric surgery compared to preoperative levels (paired test, P < 0.001, and P = 0.004, respectively) and admission (P = 0.004 for both types of surgery). Moreover, the same pattern was seen regardless of gender, with 14 of 19 women and 12 of 15 men increasing in TMAO.
Similar to TMAO, gBB levels increased significantly after bariatric surgery (P = 0.005 vs. preoperative levels, P = 0.007 vs. baseline levels) (Fig. 1D) . However, the relative increase in gBB levels was *10% compared with an approximate twofold increase in TMAO. Notably, gBB and TMAO levels did not correlate significantly at any time points.
We have previously reported a significant decrease in CRP levels 1 year after bariatric surgery in the total study cohort. 14 As TMAO has been proposed to trigger macrophage inflammation, we correlated changes in TMAO with those in CRP from preoperative levels to 1 year after surgery; however, no significant correlation was found (r = -0.11, P = 0.55).
Furthermore, as TMAO is eliminated by urinary excretion and has been reported to be increased in patients with renal dysfunction, 15 we measured creatinine levels to exclude the possibility of decreased renal function causing reduced TMAO secretion after bariatric surgery. In contrast, creatinine levels were moderately reduced after bariatric surgery, from a preoperative level of 81 [59-104] to 76 [52-100] mM 1 year after bariatric surgery (P = 0.037 vs. preoperative and baseline levels).
Finally, as half of the obese subjects had diabetes, and TMAO has been shown to strongly predict clinical endpoints in type 2 diabetes, 16, 17 we correlated changes in 
FIG. 1. Plasma levels of choline (A), carnitine (B)
, trimethylamine-N-oxide (TMAO) (C), and g-butyrobetaine (D) in controls (dark gray bars) and morbidly obese subjects (light gray bars) at baseline, after lifestyle intervention (preoperative), and 1 year after surgery (postoperative). Data presented as mean (95% CI). ***P < 0.001, **P < 0.01, versus baseline; TMAO with those in HbA1c. Levels of HbA1c decreased 1 year after bariatric surgery to 5.74 [5.55-5.93 ]% compared to preoperative levels of 6.57 [6.18-7 .00]% (P < 0.001). Interestingly, the increase in TMAO was significantly correlated with the corresponding decrease in HbA1c from preoperative levels to 1 year after bariatric surgery (r = -0.39, P = 0.025).
Discussion
The increase in levels of the proatherogenic metabolite TMAO after bariatric surgery was substantial and unexpected, representing a major contrast to the known beneficial effects of this intervention on metabolic parameters. One explanation could be adaptive shifts in the gut microbiota with increased ability to metabolize dietary choline and carnitine to TMAO precursors. The corresponding increase in gBB is in support of this explanation, although the increase was of a much smaller magnitude.
While only antibiotics and diet interventions so far have been reported to alter the TMAO levels in humans, 7, 18 the findings in the present study are in line with increased TMAO levels observed in rats undergoing Roux-en-Y gastric bypass. 19 This was suggested to be caused by postsurgery starvation caused by caloric restriction, 19 but increases of plasma carnitine and choline postsurgery in our patients make this a less likely explanation. Rather, several recent studies suggest that TMAO elevation postsurgery is caused by gut microbiota alterations.
A recent work by Tremaroli et al. reported altered gut microbiota composition and function with corresponding elevation of TMAO levels in women 9 years after undergoing bariatric surgery compared with obese controls. 20 Our findings confirm and expand these results, finding increased TMAO levels in both men and women after bariatric surgery compared with preoperative levels. To the best of our knowledge, our work is the first longitudinal study to investigate TMAO levels before and after bariatric surgery. Furthermore, and in line with our results, levels of choline were not altered by bariatric surgery. Moreover, the elevations of TMAO levels in the Tremaroli study were only seen in women undergoing Roux-en-Y gastric bypass and not in those operated by vertical banded gastroplasty, which reduces the stomach without bypassing the small intestine. 20 In our study, the same pattern was seen in patients undergoing Roux-en-Y and duodenal switch, both procedures that induce malabsorption and bypass parts of the small intestine, although we are not aware of studies directly comparing Roux-en-Y gastric bypass and duodenal switch regarding gut microbiota composition.
In contrast to its precursors choline, carnitine, and gBB, we found that TMAO levels were not associated with visceral adipose tissue. Furthermore, none of the metabolites were elevated in obese subjects or associated with BMI. In the study by Tremaroli et al., gut microbiota changes were independent of BMI, suggesting that gut microbiota changes result from bariatric surgery and not by changes in BMI per se. 20 One previous study reported major microbiota alterations associated with improved metabolic status and reduced inflammation after bariatric surgery. 21 In contrast, another study reported reduction in Eubacterium, which has been associated with protection against carotid atherosclerosis, and increased relative abundance of Enterobacter, 22 comprising multiple common pathogens, such as E. coli and Pseudomonas. In the work by Tremaroli et al., it was suggested that the increased TMAO levels after bariatric surgery could occur due to shortening of the small bowel and less anaerobic metabolism by the gut microbiota. Furthermore, increased levels of microbes, such as E. coli, which could use TMAO as a terminal electron acceptor, and Pseudomonas, which in theory can convert TMA to TMAO by the enzyme TMA monooxidase, could contribute to increased TMAO levels. 20 Whereas choline and carnitine may be converted directly to TMA via bacterial enzyme systems, typically in the colon, an alternative bacterial conversion of carnitine to gBB was recently reported to occur in the small intestine, with gBB further partly converted to TMA in the colon. 11 Overall, the approximately twofold increase in TMAO compared to a 10% increase in gBB could imply major shifts occurring in the large bowel microbiota, but bariatric surgery-induced alterations in the small bowel could also contribute.
Several additional factors could contribute to the increased TMAO levels after bariatric surgery. First, in contrast to gBB, TMAO formation is dependent on oxidation by hepatic flavin-containing mono-oxygenase (FMO3), and reduced hepatic steatosis and induced hepatic TMAO formation after bariatric surgery could also play a role. Furthermore, FMO3 is suppressed by insulin in vitro, 17 and it could be speculated that improved insulin sensitivity and lower insulin levels after bariatric surgery could contribute to increased FMO3 expression and hence increased TMAO production, supported by our finding of increased TMAO levels being negatively correlated with reduced HbA1c.
Moreover, TMAO is eliminated by urinary excretion and increased in patients with renal dysfunction, 15 although we did not see any reduction in renal function after surgery. Finally, dietary changes occurring after surgery could contribute, supported by an increase in carnitine and choline levels after initial diet-induced reduction. Carnitine and choline did, however, not increase beyond baseline values (while TMAO increased twofold), pointing to altered microbial metabolism as a key element.
This study has several strengths. It is the first longitudinal study to examine TMAO levels in the same subjects before and after bariatric surgery, providing strong proof of a real increase in TMAO after surgery. There was also a structured lifestyle intervention program before surgery with a requirement of 10% weight loss, providing the opportunity for studying effects of nonsurgical weight loss. However, we do not have any information about dietary changes or gut microbiota changes occurring in the study subjects after bariatric surgery, which are significant limitations of the study. Furthermore, it would have strengthened the study if the controls were also followed longitudinally to detect potential time-dependent effect on the biomarkers studied. However, it is difficult to find suitable explanations for timedependent effects on the microbiome in a group of individuals not undergoing structured changes in diet or other changes in lifestyle or other environmental factors. Moreover, the small sample size increases the risk of type II statistical errors. However, type I errors are less likely, and the marked increase in TMAO levels 1 year after bariatric surgery is most likely correct.
In conclusion, the major increase in TMAO after bariatric surgery was unexpected because high TMAO levels have been linked to CVD, whereas bariatric surgery is known to reduce CVD risk. 23, 24 Prospective studies are therefore 200 TRØSEID ET AL.
warranted to characterize the gut microbiota profile and microbiota-related metabolites in relation to long-term cardiovascular risk after bariatric surgery.
